Using a quantitative dot blot overlay assay of polyvinylidene difluoride membranes, we investigated the ability of Escherichia coli heat-stable enterotoxin b (STb) to bind to various glycolipids of defined structure. STb bound strongly to acidic glycosphingolipids, including sulfatide (or 3-sulfogalactosylceramide) and several gangliosides, but not significantly to their derivatives, galactosylceramide and asialogangliosides, respectively. STb exhibited the highest binding affinity for sulfatide. STb bound to pure sulfatide in a dose-dependent and saturable manner, with a detection level of a few nanograms. The binding was not inhibited by tetramethylurea, which is a strong disrupter of hydrophobic interactions, or by the anionic sulfated polymer of glucose, dextran sulfate, indicating that the binding is not due solely to either hydrophobic or ionic interactions via the sulfate group of the sulfatide. The specificity of the binding was confirmed by the finding that a 500-fold molar excess of sulfatide inhibited STb binding by approximately 45%, whereas no competition was obtained with galactosylceramide under the same conditions. Taken together, our data indicated that a galactose residue linked to a sulfate group is required for the binding specificity of STb. Then, total lipids extracted either from the mucous layer or from the epithelial cells of the pig jejunum brush border, the natural target of STb, were analyzed by thin-layer chromatography (TLC). Both extracts contained a lipidic molecule with a relative mobility on a TLC plate similar to that of the sulfatide standard. The migrated lipid extracted directly from a preparative TLC plate was confirmed to be sulfatide, as it was recognized by laminin, a sulfated glycolipid binding protein, and by a monoclonal antibody directed against sulfatide. In an overlay assay on PVDF membranes, STb bound to the sulfatide prepared from porcine jejunum as well as to the sulfatide standard. 
Enterotoxigenic Escherichia coli (ETEC) strains, which produce enterotoxins, are a worldwide, economically important agent of diarrhea in animals and humans. These enterotoxins are classified as heat-labile toxins (LT-I and LT-II), which are multimeric proteins that resemble cholera toxin in structure and function (28, 39) , and heat-stable toxins (STa and STb), which are peptides with no sequence homology and distinct mechanism of action (10, 35) . With respect to STb, the steps leading to diarrhea, especially those involving the initial binding of the toxin STb to intestinal epithelial cell surface, are poorly understood (11) .
Early and later reports indicated that ETEC strains producing STb are closely associated with weaning pig diarrheal diseases (2, 4, 46) . STb induced a rapid fluid accumulation in the small intestine leading to diarrhea, as demonstrated by in vivo studies in ligated intestinal loop in a variety of animal models (45) , and caused increased short-circuit current across stripped porcine intestinal mucosa (43, 44) . Unlike the case for other E. coli enterotoxins, intestinal secretion is independent of a cyclic nucleotide elevation (32, 35, 43) . In vitro experiments with several different cell lines, of intestinal and nonintestinal origin, indicated that STb activates a pertussis toxin-sensitive GTP-binding regulatory protein (G ␣i3 ), resulting in calcium ion entry through a receptor-dependent ligand-gated Ca 2ϩ channel (9, 20) . The elevated intracellular Ca 2ϩ concentration in response to STb has been involved in activation of calmodulin-dependent protein kinase II through the Ca 2ϩ -calmodulin pathway (16) . The protein kinase II might be implicated in activation of an undetermined channel conducting intestinal ion transport. In vivo, STb treatment results in a dose-dependent increase of prostaglandin E 2 and 5-hydroxytryptamine, which are two intestinal secretagogues (35) . STb has been reported to stimulate arachidonic acid release from membrane phospholipids, apparently through activity of phospholipases A 2 and C via a Ca 2ϩ -dependent mechanism, and subsequent formation and secretion of prostaglandin E 2 (15, 23, 35) . In contrast, a Ca 2ϩ -independent mechanism was shown to mediate STb action via G-protein activation for the release of 5-hydroxytryptamine, presumably from intestinal enterochromaffin cells (19, 35) . Furthermore, Chao and Dreyfus (6) have recently shown that after binding to the cell surface, STb is internalized into the cytoplasm following a stable association with lipids of the cell plasma membrane. They demonstrated that STb may penetrate into cells through an unknown receptor-mediated mechanism and suggested that STb may directly traverse the membrane bilayer.
However, the molecular details by which STb toxin could bind on the plasma membrane surface remain unknown. Mucosal surfaces are the ports of entry and major sites of many infectious agents. Many microbes, including viruses, bacteria, fungi, and parasites, bind to specific carbohydrate moieties on the mucosal surfaces (29) . This property has been linked, in many cases, to the essential attachment to the host cells, enabling colonization and infection and potentially mediating a toxic effect on the host cells. These carbohydrate moieties may be present in either glycoproteins, proteoglycans, or glycolipids (30) . We postulated that the intestinal epithelial cell membrane surface may expose specific attachment sites for STb toxin. In vitro, attachment of STb toxin to intestinal epithelial cells has been studied, but its host receptors have not been identified. Chao and Dreyfus (6) determined that STb does not bind to proteins, glycoproteins, or proteoglycans on the surface of cultured human epithelial cells but instead presumably binds directly to membrane lipids. Hitotsubashi et al. (22) showed that STb binds specifically to a protein of 25 kDa from mouse intestinal epithelial cell protein extracts. Nevertheless, Chao and Dreyfus (6) suggested that the identified 25-kDa protein does not appear to be exposed on the cell surface. In our previous study (38) , treatment of porcine jejunal thin sections before the toxin binding assay with either sodium metaperiodate, organic solvents, or ceramide glycanase decreased STb binding, whereas no effect was observed after treatment with several specific proteases and O-glycosidase or N-glycosidase F. These data strongly indicated that glycosphingolipids present on the epithelial cell surface of the pig jejunum, the natural host tissue for STb, could be responsible for attachment of the toxin. Moreover, terminal sialic acid residues were presumed to be involved in binding to the pig jejunum, as pretreatment with neuraminidase from Clostridium perfringens prevented binding of STb to the cell surface. In this work, binding of STb to various commercially available glycolipids was studied to examine the oligosaccharide structure recognized by STb toxin, using an overlay assay on polyvinylidene (PVDF) membranes. We report strong binding of STb toxin to terminal Gal(3SO 4 )␤1 residue of sulfatide and weaker binding to terminal sialic acid residues found in several gangliosides. We further determined that sulfatide present in the total lipid extract of pig jejunum mucosal surface was bound by STb. Finally, the sulfatide appeared functional, as laminin, a sulfated glycolipid-binding protein, or sulfatase pretreatment of ligated rat intestinal loops inhibited significantly the in vivo action of STb. These data indicated that sulfatide represents a functional STb receptor.
MATERIALS AND METHODS
Materials. Tetramethylurea (TMU) was purchased from American Chemicals Ltd. (Montreal, Québec, Canada). Orcinol ferric chloride spray reagent (Bial's reagent), dextran sulfate (M r , 10,000), dextran (M r , 9,500), sulfatase (type VI) from Aerobacter aerogenes, laminin from basement membrane of EngelbrethHolm-Swarm mouse sarcoma, rabbit antilaminin antibodies, NBT (nitro blue tetrazolium), BCIP (5-bromo-4-chloro-3-indolylphosphate), 4-chloro-1-naphthol and fluorescein isothiocyanate-conjugated anti-mouse immunoglobulin G (IgG) were from Sigma-Aldrich Ltd. (Oakville, Ontario, Canada). Alkaline phosphatase-conjugated goat anti-rabbit IgG and horseradish peroxidase-conjugated goat anti-mouse Ig were obtained from Jackson ImmunoResearch Laboratories, Inc. (Mississauga, Ontario, Canada). Polyclonal antibodies to STb toxin were produced by immunizing rabbits with pure STb (12) . Mouse monoclonal antibody to sulfatide was kindly provided by Pam Fredman, University of Göteborg, Göteborg, Sweden.
Lipids and glycolipids. Cholesterol, phytosphingosine from yeast, lactosylceramide from bovine spleen, glucosylceramide from human (Gaucher's) spleen, globotriosylceramide and globotetraosylceramide from human erythrocytes, monosialoganglioside GM3, and glycolipids from bovine brain (disialoganglioside GD3, monosialoganglioside GM2, monosialoganglioside GM1, trisialoganglioside GT1b, disialoganglioside GD1a, disialoganglioside GD1b, asialoganglioside GM1, galactosylceramide, and sulfatide) were purchased from Sigma-Aldrich.
STb purification. STb enterotoxin was purified according to a previously described method (18) . Briefly, the fusion protein MBP (maltose-binding protein)-STb was expressed from an Escherichia coli recombinant strain harboring plasmid pMal-STb, coding for a fusion protein composed of MBP and the mature form of STb (3). The fusion protein was affinity purified by using an amylose resin (New England Biolabs Ltd., Mississauga, Ontario, Canada). After cleavage of the fusion protein with factor Xa, STb was purified on a Poros R2/H-10/100 reverse-phase column (PerSeptive Biosystems, Cambridge, Mass.) coupled to a Waters (Milford, Mass.) model 625 liquid chromatography system. The peaks were monitored with a Waters model 990 photodiode array detector. Purified STb was lyophilized and stored at Ϫ20°C. The purity of the toxin was routinely verified by N-terminal sequence analysis using Edman degradation (Applied Biosystem model 470A gas-phase sequencer) as described before (18) . The biological activity of STb was assessed by the rat ligated intestinal loop assay (12) .
Extraction of total lipids from preparation of pig jejunal epithelial cells and mucus. Pathogen-free pigs, about 8 weeks old, that had fasted for 24 h were euthanized. The jejunum was surgically excised and rinsed with ice-cold phosphate-buffered saline (PBS). To prepare jejunal epithelial cells, the jejunum was opened longitudinally, cut into pieces, and thoroughly rinsed with ice-cold PBS. The epithelial cells were harvested by scraping the mucosa with a microscope slide. The scraped cells were homogenized with a tissue grinder (Wheaton, Millville, N.J.) for 5 min. To prepare mucus from the porcine jejunum, the jejunum was also opened longitudinally and cut into pieces. The mucus was then harvested in PBS by gently scraping the mucosa with a rubber policeman stirrer. Crude mucus was subjected to ultracentrifugation at 27,000 ϫ g for 30 min, and the supernatant was filter (0.22-m pore size) sterilized.
Lipids were prepared by the chloroform-methanol extraction method (13) . One volume of preparation corresponded to 1 ml of either the homogenized scraped jejunal epithelial cells or the ultracentrifugated and filtered jejunal mucus. Briefly, 20 volumes of a 2:1 (vol/vol) chloroform-methanol mixture containing 0.25% concentrated HCl was added and yielded a homogeneous single phase suspension after vortexing. The extract was allowed to stand for at least 20 min and was pelleted by centrifugation (15,000 ϫ g for 20 min) to remove the nonsoluble material, mainly composed of proteins. The supernatant, corresponding to the total lipid extract, was decanted. The extract was concentrated by evaporation of the solvent in a fume hood under a stream of nitrogen. The quantity of lipid was estimated on the basis of dry weight.
Separation of lipids by TLC. Various lipid standards and total lipids extracts were chromatographed on aluminum-backed thin-layer chromatography (TLC) plates coated with silica gel 60 (AL SIL G/ UV 254 ; 250 mm; Whatman Ltd., Maidstone, Kent, England), using as the solvent system chloroform-methanol-0.02% CaCl 2 in water (55:45:10 by volume). Chromatograms were developed by spraying with Bial's reagent, as recommended by the manufacturer, to display sugars, glycolipids, sulfolipids, and gangliosides with different colorations. Twodimensional TLC was carried out as follows. The first dimension was developed in the neutral solvent system of chloroform-methanol-0.02% CaCl 2 in water (55:45:10 by volume), and the second dimension was developed in the acidic solvent system of chloroform-methanol-acetone-acetic acid-water (80:20:40:20: 10 by volume).
Isolation of sulfatide following preparative TLC. Total lipids extracted from pig jejunum epithelial cells were applied in a linear configuration across a 5-cm width of each aluminum-backed TLC plate. Sulfatide standards were spotted at each end of the TLC plate, and chromatography was performed with chloroform-methanol-0.02% CaCl 2 in water (55:45:10 [vol/vol]) as the solvent. Following migration, standard lanes were cut out and stained with the Bial's spray reagent. The regions corresponding to the band of sulfatide on the remaining unstained plates were scraped with a disposable scalpel, and the silica gel was collected. We also performed a blank control experiment using silica gel to which no lipid material was applied. The putative sulfatide and the control were eluted from the collected silica gel by extraction with 2 ml of chloroform-methanol (2:1 [vol/vol]) per mg of silica gel. Solvent was separated from the silica gel by centrifugation at 5,000 ϫ g for 20 min. The extraction was conducted three times, and the solvent was pooled and evaporated. Then the eluted putative sulfatide was resuspended in methanol, and the control was resuspended in the same volume of methanol.
For identification of the eluted putative sulfatide, both extracts were submitted to either recognition with laminin, a glycoprotein which binds specifically to sulfated glycolipids (37), or immunodetection with mouse monoclonal antibody to sulfatide (14) . Both extracts in methanol were dotted in triplicate on PVDF membranes (Millipore Corporation, Bedford, Mass.). The methanol was allowed to evaporate for 10 min. The membrane with dotted extracts was blocked for 1 h in PBS (0.1 M, pH 7.4) supplemented with 1% bovine serum albumin. The technique used to detect the binding of laminin was modified from the method described by Iida et al. (25) . In brief, after blocking, the membrane was overlaid with laminin at a concentration of 1 or 100 g/ml in PBS for 2 h. After being washed, the membrane was incubated for 1 h with rabbit antilaminin antibodies diluted 1/500 in PBS, washed, and incubated for 1 h with goat anti-rabbit IgG conjugated to alkaline phosphatase diluted 1/2,000 in PBS. After the membrane was washed, the bound laminin was detected by color development with 7.5 ml of the detection buffer containing 0.1 M Tris-HCl, 0.1 M NaCl, and 0.05 M MgCl 2 , 33 l of NBT (75 g/l in 70% dimethylformamide), and 25 l of BCIP (50 g/l in 100% dimethylformamide). The reaction was stopped after 10 min by addition of H 2 O. The immunodetection method with antisulfatide was carried out as follows. The blocked membrane was incubated with mouse monoclonal antisulfatide at a dilution of 1/100 in PBS for 2 h. Horseradish peroxidaseconjugated rabbit anti-mouse Ig, diluted 1/4,000 in PBS, was used as the second antibody. Solutions of 4-chloro-1-naphthol and H 2 O 2 were used to reveal the peroxidase reaction product, using the method of Hawkes (21) . Experiments omitting laminin and antisulfatide, respectively were done as negative controls.
Dot blot STb binding assay on PVDF membranes. The assay was developed to quantify the binding of STb toxin to various glycolipids. Each step was performed at 25°C. A PVDF membrane was dotted with 1 l of each glycolipid in methanol. The solvent was allowed to evaporate for 10 min, the membrane was blocked for 1 h with PBS (0.1 M, pH 7.4) supplemented with 1% bovine serum albumin and overlaid for 10 min with 50 l/cm 2 of STb at a concentration of 0.1 g/ml in phosphate buffer (0.1 M, pH 5.8). The membrane was rinsed five times with PBS to remove unbound toxin and incubated for 1 h with a rabbit polyclonal antiserum directed against STb diluted 1/500 in PBS to detect bound toxin. The membrane was rinsed and incubated for 1 h with the alkaline phosphataseconjugate diluted 1/2,000 in PBS. After washing the membrane, color development was carried out with NBT and BCIP as described above. Experiments omitting STb were done as negative controls.
Quantitative binding of STb to glycolipids was determined by densitometric analysis (Alpha Imager 2000; Canberra Packard Ltd., Montreal, Québec, Canada) of the PVDF membranes. For analysis, the background of the membrane was subtracted for each value (expressed as densitometric units [DU] ) to allow for possible small differences in background within and between membranes. The mean densitometric value obtained for each glycolipid on the control membrane, without STb, was subtracted from the mean densitometric value obtained on the membrane with STb overlay. The results shown are the mean Ϯ standard deviation of triplicate determinations and represent quantitative binding of STb.
Treatments of STb with various chemicals. STb was incubated for 10 min in the presence of various chemicals prior to the STb binding assay as described above for the standard protocol. STb was preincubated with either 0.01 or 0.50 M TMU and with either 0.05 or 1 mg of dextran (M r , 9,500) or dextran sulfate (M r , 10,000) per ml. For the competition experiments, STb was preincubated with either sulfatide or galactosylceramide in 500-fold molar excess. For each experiment, a positive control experiment was done under the same conditions in the absence of the chemical tested.
Immunohistochemistry. Freshly excised jejunum of a pig (about 6 weeks old) was cut into small pieces, immediately frozen in OCT compound (Miles Inc., Elkhard, Ind.), and stored at Ϫ70°C. Sections 5 m thick were cut with a cryostat microtome (Leica model CM3050) and were thaw-mounted on poly-L-lysinecoated glass slides (Canlab, Mississauga, Ontario, Canada). After brief immersion of the slides in cold acetone, the diluted antisulfatide monoclonal antibody (1/50) in PBS was applied to tissue sections and incubated 10 h at 4°C. After five washes in PBS, diluted fluorescein isothiocyanate-conjugated anti-mouse IgG (1/64) in PBS was applied; these sections were incubated 10 h at 4°C in a dark chamber, and the latter was washed five times. Control slides without the first antibody were run in parallel. Slides were mounted in FA mounting fluid, pH 9.0 (Difco Laboratories, Detroit, Mich.), and observed in a Leitz microscope combined with a fluorescence epicondenser at a magnification of ϫ100 and under oil immersion at magnifications of ϫ500 and ϫ1,000.
Ligated rat intestinal loop assay. In vivo action of STb was determined in a ligated rat intestinal loop assay as described previously (12) . Briefly, 6-to 8-weekold white male rats (Sprague-Dawley) were fasted for 48 h and anesthetized. The small intestine was exteriorized following a midline abdominal incision and rinsed with 8 ml of 0.85% saline solution containing 300 g of trypsin inhibitor (TI; Boerhinger GmbH, Mannheim, Germany) per ml. A series of 5-cm-long ligated segments (loops) was made in the small intestine and injected with 500 l of the test material in 20 mM Tris-HCl buffer (pH 6.8) containing 300 g of TI per ml. Each loop received either 2 U of sulfatase, 400 g of laminin, or the buffer only and was then incubated for 20 min before the addition of 5 g of pure STb. One rat also received either a dilution 1/100 of the antisulfatide monoclonal antibody, a mouse monoclonal antibody specific to the lipopolysaccharide O chain of Actinobacillus pleuropneumoniae serotype 1, or buffer only. The abdominal incision was closed, and the animals were kept alive for 4 h. After the rats were euthanized, the amount of fluid accumulated in the loop was measured. Results are expressed as the ratio of millimeters of fluid accumulated per centimeter of ligated intestinal segment. Values are the averages Ϯ standard deviation of at least three experiments and were evaluated statistically by Student's t test.
RESULTS
Binding of STb to glycolipids. Various standards of neutral lipids and of acidic and neutral glycolipids were subjected to dot blot STb binding assay on a PVDF membrane to compare their affinities for STb ( Table 1) . As shown in Fig. 1 , among the glycolipids tested, STb bound strongly to sulfatide but also more weakly to several gangliosides. The highest binding affinity for STb was obtained with sulfatide, and so the binding level of sulfatide was set arbitrarily at 100% for comparison purpose. A binding level relative to that of sulfatide of 30% or less was exhibited by all neutral glycolipids and every lipid tested, suggesting that neutral carbohydrate were not significantly involved in STb recognition.
The gangliosides GM3, GM2, and GD1b exhibited binding levels of at least 40% relative to the sulfatide. Binding was 54% to GM3 but less than 25% to lactosylceramide (asialo-GM3). The levels of GD1b and GM1 binding were approximately 46 and 33%, respectively, whereas binding was less than 15% for asialo-GM1. Thus, the relative binding levels between these related glycolipids of the sialo-and asialogangliosides series indicated that the absence of the sialic acid resulted in a marked difference in binding to STb. This result suggested that sialic acid residues are involved in the binding process. Interestingly, binding less than 30% of that for sulfatide was observed for galactosylceramide; the latter is the precursor structure of sulfatide where a terminal sulfate is added to the 3 position of the galactose. The difference obtained between these two structurally related structures suggested that the sulfate group on the glycolipid participates in the interaction with STb.
Binding epitope of sulfatide for STb. Since STb bound to sulfatide with the highest affinity among the lipids tested, fur- 
a The carbohydrate nomenclature is according to the recommendations of the IUPAC-IUB Commission on Biochemical Nomenclature (26) and the Joint Commission on Biochemical Nomenclature (27) .
ther experiments were conducted to determine the nature of this interaction. The binding of STb (0.1 g/ml) to increasing amounts of sulfatide was dose dependent (Fig. 2) . This result shows that STb bound avidly to sulfatide, even at concentrations of less than 100 ng. Saturation was obtained around 1 g of sulfatide within the concentration range used. The decreased binding may be due to superposition of glycolipid and ligand-glycolipid complexes occurring on the PVDF membrane, which might have been washed away as the amount of glycolipid increased.
The nature of the interaction between STb and the sulfatide was further characterized by determining the effects of various chemicals on binding (Fig. 3) . STb (0.1 g/ml) was preincubated with a fixed concentration of the tested chemicals and subsequently added to 1 g of immobilized sulfatide on a PVDF membrane. The toxin was treated with TMU, which strongly disrupts hydrophobic interactions. The binding of STb in the presence of TMU was the same as for the untreated control. Thus, the hydrophobic ceramide moiety of the sulfatide did not appear to be responsible for the interaction with STb.
The difference of binding efficiencies observed between the sulfatide and galactosylceramide may be attributed to the charge of the sulfate group. As STb is a basic peptide (17, 18) , it is possible that the binding was due simply to ionic charges. To determine the importance of the sulfate group, the toxin was incubated with either dextran or sulfated dextran. Those compounds had no significant effect on the binding of STb to sulfatide, suggesting that it is not solely the result of an ionic interaction (Fig. 3) . Furthermore, binding to dextran and sulfated dextran was assayed by incubation with STb. No binding of STb was observed to 0.05 or 100 g of dextran or dextran sulfate immobilized on nitrocellulose membranes (data not shown). The data indicate that recognition may also involved the stereospecificity between STb and both the sulfate group and the galactose residue that seems to constitute the recognized binding epitope. We also examined the ability of the sulfatide to compete for STb binding. Sulfatide in 500-fold molar excess was a potent competitor of STb binding, with approximately 45% inhibition of total binding obtained, whereas the corresponding amount of galactosylceramide showed no detectable inhibition (Fig. 4) . Occurrence of sulfatide-like glycolipid in lipids extracted from pig jejunal epithelial cells and mucus. Total lipids were extracted from the mucosal cell surface and mucus of the pig jejunum and resolved by TLC. Many of the lipid molecules were detected by Bial's reagent and were therefore regarded as glycolipids. One of them had a mobility similar to that of the standard sulfatide (Fig. 5) . Identification of the lipid contained in this band was performed. We observed that the band comigrated with standard sulfatide when total lipids extract was submitted to two-dimensional TLC using a different elution system (data not shown). Thus, the band of interest did not correspond to a mixture of lipids, suggesting a composition and a structure similar to those of the standard sulfatide.
The jejunal lipid contained in this sulfatide-like band was extracted and purified to homogeneity from the TLC plate. The preparations of the jejunal lipid and of a silica gel control were overlaid with laminin, a glycoprotein which specifically binds to sulfated glycolipids. Laminin bound to the extracted lipid but not to the extracted silica gel control. Furthermore, the jejunal lipid was specifically recognized by a monoclonal antisulfatide antibody (data not shown). The epitope recognized by this monoclonal antibody, developed by Fredman et al. (14) , is the terminal Gal(3SO 4 )␤1-and part of the hydrophobic region of the ceramide. These results indicated that sulfatide was present in the total lipid extract of the pig jejunum mucosal surface. Moreover, an immunohistochemistry study of pig jejunum using the monoclonal antisulfatide antibody revealed that epithelial cells of the mucosa were specifically labeled, and no staining was observed in controls in which the first antibody was omitted (Fig. 6 ). Thus, sulfatide was shown to be accessible to STb toxin on the target cell surface.
Binding of STb to the sulfatide obtained from the pig jejunum mucosal cell surface. With TLC, the sulfatide band from the total lipids preparation of epithelial cells was four times less intense than the band corresponding to 5 g of sulfatide standard as determined by densitometry (Fig. 5) , indicating that approximately 1.25 g of sulfatide is contained in 200 g of total lipid extract (content of 0.62%). As shown in Fig. 7 , the eluted epithelial cell sulfatide was bound by STb in the dot blot STb binding assay on a PVDF membrane. The amounts of eluted sulfatide dotted were from 80 and 240 g of jejunal epithelial cell total lipids extract; the corresponding amounts of eluted sulfatide were thus estimated to 0.5 and 1.5 g, respectively. The results indicate that the binding levels measured with the eluted sulfatide are similar to those with the sulfatide standard shown in Fig. 2 , in which 0.5 and 1.5 g resulted in binding levels of approximately 7,300 and 8,700 DU, respectively. Thus, the binding of STb to the sulfatide identified in the porcine jejunum seems dose dependent and saturable similarly to the sulfatide standard.
Functional receptor activity of sulfated glycolipid for STb. In the in vivo model, the biological activity of STb was strongly inhibited when the intestinal loops were pretreated with either sulfatase or laminin before addition of STb, while the ratio obtained when either sulfatase or laminin was injected alone into the loops was similar to that for the loop control containing only the buffer (Fig. 8) . Approximately 100% inhibition of the STb-mediated secretion was observed following pretreatment with sulfatase. Thus, the sulfation of cell surface molecules seems crucial for the biological activity of STb. Pretreatment with laminin decreased the biological response of STb by approximately 71%, indicating the functionality of the sulfated glycolipids, including the sulfatide present in the cell membrane. Additional evidence demonstrated the functional activity of the sulfatide, as we observed a 35% reduction of secretion due to STb following pretreatment with the diluted monoclonal antisulfatide antibody (1/100) (data not shown).
DISCUSSION
The interaction of most extracellular toxins, like E. coli STb, to host cells is thought to be an important first step in pathogenesis in order to elicit a specific toxic effect. This pathogenic event is most likely to take place through the binding of the , glycolipid standards GalCer (10 g), GlcCer (10 g), LacCer (10 g), Gb3 (2.5 g), Gb4 (2.5 g), GM3 (2.5 g), GM2 (2.5 g), GM1 (2.5 g), GD3 (2.5 g), GD1a (2.5 g), GD1b (2.5 g), GT1b (2.5 g), and asialo-GM1 (2.5 g). Reference glycolipids are indicated on the right. The arrow indicates the sulfatide. For abbreviations, see Table 1. toxin to specific receptors on target cells. In a search for molecules which serve as STb receptors, we recently investigated the interaction of STb at the surface of the epithelial cells of the pig jejunum brush border (38) . Our study indicated that oxidation of the carbohydrates from the cell surface by sodium metaperiodate treatment significantly inhibited STb binding, suggesting that the binding could be mediated by a lectin-like activity of STb. We also showed that the glycoconjugate molecules bound by STb were lipid and not proteinaceous in nature.
In this study, we developed a simple binding assay for STb in which densitometric analysis provided a mean for quantitation of bound toxin to various purified lipids and glycolipids containing different oligosaccharide structures (Table 1) . A PVDF membrane was used because of its stability in various organic solvents in addition to its capacity to immobilize glycolipids with high efficiency (5, 41) . Several optimal parameters of the STb binding reaction to the pig jejunum thin sections were established in our previous study (38) . Here, the binding assay was performed under the same optimal conditions (with STb at a final concentration of 0.1 g/ml in 0.1 M phosphate buffer [pH 5.8] for 10 min). Of the many tested lipids and glycolipids, STb selectively bound to acidic glycolipids (Fig. 1) . Sulfatide, which is a molecule carrying an anionic sulfate residue, showed the strongest binding affinity. STb also significantly bound to several gangliosides, and the negatively charged sialic acid residues appeared to be involved in this reaction. The implication of acidic glycolipids in STb binding was not surprising. Since mature STb is a basic peptide with a pI of 9.6 (18), the binding of STb to acidic molecules suggested that a strong stereospecific and electrostatic bond can be formed between a protonated nitrogen of STb and the anionic site on the glycolipid. In other words, most of the affinity of the acidic glycolipids with STb may require an intact three-dimensional structure containing some specific positively charged amino acids. Of interest, three positively charged amino acid residues (K45, K46, and R52) and one negatively charged amino acid residue (D53) contained in STb were previously shown to be crucial for enterotoxicity and were presumed to belong to a receptorbinding domain (10, 17) .
The specificity of STb binding to sulfatide was demonstrated here by several indirect and direct pieces of evidence. We have shown that this binding was strong, dose dependent, and saturable and not due to either hydrophobic or sulfate group ionic interactions alone. Finally, the specificity was supported by the finding that binding was competed by an excess of the sulfatide. Differences in STb binding levels between sulfatide and galactosylceramide indicated that the sulfation of the carbohydrate chain was important for binding ( Fig. 1) . However, the sulfate group itself was not sufficient to explain STb binding, since sulfated dextran, a sulfated polymer of glucose, had no effect on binding of STb to sulfatide (Fig. 3) . Sulfatide competition suggested that the binding was dependent on the sulfate group linked on the galactosyl moiety (Fig. 4) . STb was not competed by galactosylceramide, which indicated that the unsubstituted galactosyl residue was not sufficient to allow STb binding. The sulfation of this carbohydrate seems important for binding. Thus, the binding goes beyond simple charge interactions with an anionic group and has also some specificity for the nature of the carbohydrate with a particular chain geometry and distribution of negative charge. These results indicate that STb binding specificity for sulfatide requires the Gal(3SO 4 )␤1-residue.
A lipid preparation from the pig jejunum exhibited one lipid with a mobility on TLC similar to that of the standard sulfatide (Fig. 5) , and the identity of the sulfatide was confirmed by specific detection with laminin binding and with an antisulfatide monoclonal antibody. Our findings indicated that substantial amounts of sulfatide were present in porcine epithelial cells and associated with the mucous layer. Glycolipids are membrane-bound molecules and do not appear in secretions, except when shed with epithelial cells. The small intestinal epithelium is continuously renewed by the proliferation of some mitotically active crypt cells, which migrate toward the top of the villi, where they desquamate. The presence of sulfatide in mucus could be explained in part by the abundance of this substance at the cell surface and also by the procedure retained for mucus preparation, in which the interstitial mucus was harvested and may therefore contain some epithelial cells.
The cellular surface localization and abundance of sulfatide was confirmed in pig jejunal mucosa by using immunohistochemistry (Fig. 6 ). Multiple functions have been proposed for sulfatide, including roles in sodium chloride transport (31) , in myelin compaction by its association with the encephalitogen basic protein (8) , as opiate receptors (7), and in cell adhesion (36, 40) . Although this sulfated glycolipid is most abundant in the white matter of the brain, it is also found in the extracellular matrix, in mucus, and on the surface of epithelial cells of many mammalian tissues. Sulfatide has been already shown to be the most predominant acidic glycophingolipid in rabbit and human gastric mucosa (33, 34) . Because of its acid-resistant nature and the high negative charge of the sulfated sugar moiety, it was assumed that sulfatide might play a role in protection of the mucosa. From this point of view, enrichment of the pig jejunum mucosa with sulfatide is consistent with the physiological relevance of this particular substance to mucosal function, because the pH of the jejunum is relatively acid, varying between 5.5 and 6.5. Moreover, the localization of sulfatide on the mucosal cell surface indicates that this molecule could also be recognized and utilized as a receptor. We showed that sulfatide was present in the total lipids extract of the pig jejunum mucosal surface and that this jejunal sulfatide was bound by STb toxin (Fig. 7) . The binding activity of STb to sulfatide corroborates the inhibition of the secretory response evoked by STb in the ligated loop model observed with either sulfatase or laminin pretreatment (Fig. 8) . The elimination of sulfate groups of various carbohydrate sequence, including the sulfate group on the galactose residue present in sulfatide, abolished completely STb activity. In addition, STb enterotoxicity was strongly affected following the action of the laminin, a 850-kDa cell adhesion protein which binds specifically to sulfated glycolipids and does not bind to other anionic lipids, including gangliosides, phospholipids, or cholesterol-3-sulfate (37) . The monoclonal antisulfatide antibody also altered STb toxicity. Together, these data indicate that sulfatide molecule functions as a receptor for STb interaction in vivo.
Investigations will be pursued to determine if sulfatide is the unique functional receptor for STb. Effectively, the reported results also support that terminal sialic acid residues of gangliosides might be involved in the binding of STb. Significant binding was obtained with several gangliosides, including GM3 and GM1 whereas levels of binding to asialo-GM3 (lactosylceramide) and asialo-GM1 were more than two times less, respectively (Fig. 1) . Because of the unique structural difference between these molecules in the presence or absence of sialic acid residues, it appears that sialic acid residues are important for STb binding to gangliosides. Binding of STb to gangliosides was expected because it had already been reported that pretreatment of pig jejunal epithelial cells surface with the neuraminidase from C. perfringens abolished the binding of STb (38) . The effect of STb binding following the pretreatment of HT29 and T84 human intestinal epithelial cells with a neuraminidase from Vibrio cholerae was also studied by Chao and Dreyfus (6) . The results showed that neuraminidase pretreatment did not reduce the binding of STb to the cells. While both the pH of the assay binding buffer and the nature of the cells used were different, the neuraminidase specificity cleavage appears to be the most important difference between the two studies. In fact, the enzyme from C. perfringens preferentially cleaves sialic acid in a terminal location and linked ␣2-3 to galactose, whereas the enzyme from V. cholerae used by Chao and Dreyfus (6) selectively cleaves terminal sialic acid linked ␣2-6 to galactose. Therefore, our data highlight the importance of sialic acid in ␣2-3 linkage to galactose for the binding of STb. Interestingly, the GM3 ganglioside, which exhibited the strongest binding to STb among all of gangliosides tested, contains a short carbohydrate sequence, where NeuAc␣2-3Gal␤1-is found in the terminal position (Table 1) . However, the commercially available gangliosides tested in this study did not allow us to identify which ganglioside in the target tissue total lipids extract could be responsible for STb binding. Further analyses are in progress in our laboratory to examine the role of gangliosides in STb toxin binding, but one provocative hypothesis may be developed to describe the relevant binding of STb to its target cells.
First, since the C. perfringens neuraminidase treatment of pig jejunum abolished STb binding, it was thought that STb could not bind to glycosphingolipids other than gangliosides (38) . Nevertheless, strong binding to sulfatide obtained from the pig jejunal epithelial cells was shown (Fig. 7) . Thus, sulfatide and some gangliosides are present on the cell surface of the jejunum, and all could be bound by STb. Then, if these two attachment sites are required for STb on the target cells, the data let us hypothesize a multistep attachment process where sulfatide-mediated binding occurs only if the attachment to ganglioside takes place first. This hypothesis could explain why the binding of STb to sulfatide could not be detected after neuraminidase treatment that affects the ganglioside binding to the pig jejunum. Second, Chao and Dreyfus (6) observed that elimination of sulfated structures by pretreatment of human intestinal epithelial cell lines with sodium chlorate did not decrease the binding of STb to the cells. Sodium chlorate, which is a potent inhibitor of cellular sulfotransferases, induces expression of surface glycoproteins and glycolipids lacking sulfate groups (24) . According to our proposed model, after elimination of surface sulfation, binding to sialic acid of gangliosides would be nevertheless possible. The observed binding might represent binding to ganglioside in absence of sulfated structures. Third, we present evidence that the sulfated structures act as biologically functional receptors for STb, as sulfatase pretreatment in ligated rat intestinal loop assay abolished STb enterotoxicity (Fig. 8) . Overall in this study, cell surface sulfated glycolipids were shown to be required in both binding and biological activities of STb. We thus propose a multistep binding model for STb on epithelial cells: binding to ganglioside could represent the first step, which might be important to facilitate the subsequent binding to sulfatide. This second step could ensure an intimate contact of the toxin with the host cell membrane due to the shorter structure of the sulfatide molecule.
The competitive binding experiments performed by Chao and Dreyfus (6) indicated that unlabeled STb could specifically compete with 125 I-STb binding to a receptor on T84 and HT29 cells but failed to reduce by more than 50% the binding in the presence of 5-, 100-, and 1,000-fold excess STb. The authors concluded that the STb-epithelial cell interactions could be characterized by binding to a high number of binding sites and that STb could interact with multiple receptors. Based on our previous study (38) and the results of this study, at least two glycolipid molecules could effectively be involved in STb recognition and binding to the pig jejunum. STb toxin could bind both sialic acid and sulfated galactose residues on gangliosides and sulfatide, respectively. These glycosphingolipids could serve as multiple attachment sites for STb toxin. Interestingly, the parallel occurrence of sialic acid and sulfate group specificities has been observed for some lectins. For example, the vascular adhesion family of selectins exhibited specificity for the blood group oligosaccharides sialyl-Lewis x and sialylLewis a bearing either a sialic acid linked ␣2-3 or a sulfate group on carbon 3 of the nonreducing terminal galactose (42) . Another example is the natural killer cell called lectin NKR-P1, which bound ␣2-3-linked sialic acid-or sulfate-modified galactosyl determinants on tumor cell membrane constituents, with greater affinity for the latter (1). Complete characterization of the STb-sulfatide and -ganglioside binding reactions should help to develop an STb-receptor model to study the process at the molecular level.
